The harmful alga Pseudo-nitzschia sp. is the cause of human amnesic shellfish poisoning and the stranding of thousands of sea lions with seizures as a hallmark symptom. A human case study and epidemiological report of hundreds of stranded sea lions found individuals presenting months after recovery with a neurological disease similar to temporal lobe epilepsy. A rat model developed to establish and better predict how epileptic disease results from domoic acid poisoning demonstrated that a single episode of status epilepticus (SE), after a latent period, leads to a progressive state of spontaneous recurrent seizure (SRS) and expression of atypical aggressive behaviors. Structural damage associated with domoic acid-induced SE is prominent in olfactory pathways. Here, we examine structural damage in seven rats that progressed to epileptic disease. Diseased animals show progressive neuronal loss in the piriform cortex and degeneration of terminal fields in these layers and the posteromedial cortical amygdaloid nucleus. Animals that display aggressive behavior had additional neuronal damage to the anterior olfactory cortex. This study provides insight into the structural basis for the progression of domoic acid epileptic disease and relates to the California sea lion, where poisoned animals progress to a disease characterized by SRS and aggressive behaviors.
Domoic acid is a water-soluble acidic amino acid with three carboxylic acids produced by certain species of the marine diatom Pseudo-nitzschia (Subba Rao et al., 1988; Takemoto and Daigo, 1958) . It is similar in structure to kainic acid and acts as a partial, yet long-acting agonist on subtypes of inotropic glutamatergic receptors (Hampson and Manalo, 1998; Nanao et al., 2005) . Domoic acid becomes excitotoxic promoting glutamate-mediated excitation of N-methyl-d-aspartate glutamatergic receptors (Novelli et al., 1992) , leading to consistent observable seizure behaviors in multiple species (Tasker et al., 1991; Tryphonas et al., 1990a) . The toxic algae accumulate in shellfish, which following ingestion produces human intoxications characterized by seizures and memory deficit called amnesic shellfish poisoning (ASP) (Perl et al., 1990) . Ingestion of domoic acid accumulated in planktivorous fish also leads to extensive wildlife poisonings characterized by seizures and many fatalities (Scholin et al., 2000) .
Environmental poisonings can provide a window to investigate the progression from acute poisoning to a long-term disease state. Nearly a year after the ASP event, an 84-yearold male survivor re-experienced severe seizures and was diagnosed with temporal lobe epilepsy, revealing the potential for progression of domoic acid poisoning to neurological disease (Cendes et al., 1995) . A decade later, the observation of more than 100 sea lions with an epileptic disease similar to temporal lobe epilepsy, well after evidence of a domoic acid poisoning event, strengthened this case report (Goldstein et al., 2008) . The progression from poisoning to disease reported in human and sea lion cases was next confirmed in a laboratory setting with a rat model. In this model, several subsymptomatic hourly doses of domoic acid induce status epilepticus (SE), which, after recovery and latent period, progresses to spontaneous recurrent seizure (SRS), a hallmark of epilepsy . This model has proved useful to better understand the clinical and environmental data and to define the neural systems involved in the progression to domoic acid epileptic disease.
A delayed onset of atypical aggressive behaviors was also observed in some of the model rats (Fuquay et al., 2011) , with indistinguishable behaviors of sea lions in rehabilitation centers with domoic acid epileptic disease (Goldstein et al., 2008) . In both environmentally exposed sea lions and experimental rats, a subset of animals showed aggressive acts toward human handlers and other animals in their holding environment that was uncharacteristic and reflected response more typical to an intruding animal. Analysis of rat behavioral data found a lack of correlation between seizure activity and aggression during the disease state-revealing that some animals progress to an epileptic state, whereas others show only aggression and or varying degrees of each disease manifestation (Fuquay et al., 2011) . Domoic acid is well known to lead to widespread limbic damage that has been characterized in multiple species following both environmental and laboratory-based exposures (Colman et al., 2005; Scallet, 1995; Schmued et al., 1995; Silvagni et al., 2005; Tryphonas et al., 1990b) . A single high dose has been reported to activate, as assessed by Fos histochemistry, and damage, as assessed by cupric silver histochemistry, two primary regions, the olfactory bulb and the Ammon's horn region of the hippocampus (Peng et al., 1994; Scallet et al., 2004) . After determination that domoic acid-kindled SE reproducibly leads to SRS, an analysis was conducted of brain regions damaged shortly after SE. An amino cupric silver staining method found most extensive damage in the olfactory bulb and related olfactory pathways, including the anterior/medial olfactory cortices, endopiriform nucleus and entorhinal cortex (Tiedeken et al., 2013) . That study concluded that dendritic spines of olfactory granule cells may be a proximal site of domoic acid action that promotes excitability of mitral cells and increases susceptibility to downstream pathways of the olfactory cortex. This proximal action of domoic acid may elicit the observable response of SE and sufficient structural damage to initiate progression during the latent period to a disease state.
In this study, we have examined the neural systems that are subject to the progressive damage during the appearance of the disease state. In an effort to better understand the neural basis underpinning the epileptic and aggressive behaviors, we selected subsets of animals exhibiting one or the other of these two disease manifestations. We analyzed the full brain 12 weeks after domoic acid-induced SE for evidence of continuing neuronal damage by cupric silver histochemistry and evidence of cumulative cellular damage by Nissl staining. The results indicate a common target for continued damage during progression for each disease state and one region damaged in several of animals displaying heightened atypical aggressive behavior.
MATERiAlS AnD METHoDS
Twenty-seven male Sprague Dawley rats weighing 150-200 g (Charles River, Wilmington, MA) were used for this study. Animals were housed in small groups in polycarbonate microisolator cages (Allentown Inc., Allentown, NJ) with controlled temperature, humidity and 12 h light cycles. Rodent chow (PMI Nutrition, Brentwood, MO) and water were allowed ad libitum and animals were given a 72-h acclimation period prior to any experimental manipulation. All animal experiments were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals, and all animal procedures were approved by the Center for Coastal Environmental Health and Biomolecular Research Institutional Animal Care and Use Committee.
An established SE protocol, known to develop into SRS (Hellier and Dudek, 2005; Muha and Ramsdell, 2011) , was used on these rats. Animals were ip injected with a buffered (pH 7.2-7.4) domoic acid (B1380, Doe and Ingalls of NC, Inc., Durham, NC) solution (0.35 mg/ml PBS) at a rate of 1.0 mg/kg/h. Doses were administered hourly until an animal exhibited its first motor seizure determined by forelimb clonus, a stage III convulsion adapted from the modified Racine scale (Hellier et al., 1998) , whereupon dosing ceased. SE was determined to be the point at which the animals exhibited one or more stage IV (forelimb clonus with rearing) or V (forelimb clonus with rearing and loss of balance) seizures per hour for 3 consecutive hours. Control animals (n = 3) were given five ip injections of PBS hourly in an equivalent volume. To assist recovery and prevent dehydration, treated rats received a subcutaneous bolus between the scapulae of lactated Ringer's solution (20 ml/kg at 37°C).
After a week-long recovery period, aggressive behaviors and motor seizures of the surviving animals (n = 14) and controls (n = 3) were monitored for 3 h twice a week as described in detail (Fuquay et al., 2011; Muha and Ramsdell, 2011) . To summarize, behaviors and seizures were classified and scored for 12 weeks by observers blind to the initial treatment and SE response. Motor seizures were classified based on the Racine scale (described above) as levels III, IV, and V. Cage-mate interactions were noted and grouped by aggression type (dominance, aggressive, and defensive), and instigator/aggressor was recorded. Although rats naturally exhibit dominance behaviors and will respond with defensive behaviors, atypical aggressive behaviors were seen between conspecifics and noted in the study by Fuquay et al. (2011) . For this study, we focused on the most aggressive behaviors and which animals were considered the aggressor or instigator of the fight.
After 12 weeks, animals were either euthanized with carbon dioxide or, if chosen for neurohistochemistry, anesthetized with isoflurane and transcardially perfused with a sucrose/sodium cacodylate solution (1222SK, Electron Microscopy Sciences, Hatfield, PA) at a rate of 1 l/kg body weight/h. Perfused heads were collected and placed into a fixative solution (1223SK, Electron Microscopy Sciences) for 24 h to minimize artifactual damage. The brains were then removed from the skull and shipped in solution to Neuroscience Associates (Lexington, KY) who performed all the blocking, sectioning, staining, and mounting. Coronal brain sections (40 µm) were blocked using MultiBrain (Neuroscience Associates) technique and cut using a rotary microtome. Every eighth section was separated for staining and placed into a container filled with buffered ethylene glycol. Two sets of these sections were selected to undergo staining and mounting. One set was stained with an amino cupric silver staining based on the De Olmos method and counterstained with neutral red (De Olmos et al., 1994) . The other set was stained with thionine (Nissl) stain to highlight all cell bodies. Each stain produced a group of 75 slides, coronal sections from the front of the olfactory bulb to the back of the cerebellum (approximately −14.6 Bregma) for each animal, which were examined using an Olympus CX31 microscope (Center Valley, PA) using ×4, ×10, and ×40 objectives. Damage revealed by the cupric silver stain was categorized by type (cell bodies, terminals, or axons) and relative density at a minimum of ×100 magnification. Terminals were defined by staining of synaptic ends identified by punctuate staining and distinguished from the linear staining of axons and cytoplasmic staining of cell bodies. Location of the staining was assigned to corresponding nuclei of the brain determined using The Rat Brain in Stereotaxic Coordinates (Paxinos and Watson, 1998) . The entire coronal field of each brain section was examined and summarized. Staining was ranked according to the area of nucleus covered and quantity of a type (cell body, terminal, or axon) for each slide section on each animal. To summarize the nuclear area, those values were then averaged over the range of the sections to determine the values represented in Table 1 . Stained areas observed in the domoic acid-treated animals were compared with the control rat brain to confirm that the damage was specific and not an artifact of manipulation. Micrographs of damaged areas were taken PERSISTENT DAMAGE OF DOMOIC ACID EPILEPTIC DISEASE using an Olympus DD71 camera on an Olympus BX51 microscope using ×2, ×20, and ×40 objectives (×20, ×200, and ×400 magnifications).
Thionine (Nissl) staining was used to distinguish areas where lesions (lack of cells) were present. Micrographs were analyzed using ImageJ 1.45s Software (National Institutes of Health) after applying the Yen threshold filter and the Analyze Particles process to determine areas where cell numbers were reduced (Yen et al., 1995) .
RESulTS

Long-Term Behaviors of the Rats
During the course of the 12 weeks, the control rats did not exhibit motor seizures and the aggressive behaviors were classified as dominance or defense. Animal 112 remained submissive throughout the observations and was chosen for neurohistopathology. Out of the 14 treated animals, 2 animals still had not shown behavioral anomalies during the observation periods of 3 h twice a week. Five of the animals exhibited SRS during the recording sessions over 12 weeks (Fig. 1) . Of these animals, two (125 and 129) had a high incident (30 and 40 recorded events, respectively), one (128) moderate (16 events), and the other two less than 6 events. Animal 128 also differed from 125 and 129, in that it had a slower onset of SRS. Four animals (120, 126, 131, and 132) had a high incident of aggression (above 30 recorded events), two (116, 121) moderate (20, 17, respectively), and the other four had 7 or fewer events. The animals with the highest incidence of seizures incited fewer aggressive sessions. Additionally, the animals http://toxsci.oxfordjournals.org/ with the highest incidence of aggressive acts experienced fewer SRS. Eight animals were selected for neurohistopathology, animal 112 as control, the three animals with the highest number of SRS (125, 128, and 129), four highly aggressive animals (116, 120, 131, and 132) that exhibited no recorded SRS, other than 131 that had two SRSs on the last week of recording. Unfortunately, there were insufficient representatives with both moderate aggression and moderate seizure behaviors to make a study group.
Neurohistological Damage
Amino cupric silver staining, highlighting areas of neuronal damage, was present in the animals with SRS or atypical aggression ( Fig. 2 and Table 1 ) and absent in the control animals. One SRS animal (128) had less prominent cupric silver staining, whereas the other animals for both groups were overall consistent. Staining was evident throughout the interior layers (layers 2 and 3) of piriform cortex (Fig. 3) . The staining normally covered swatches of the pyramidal cell layer outlining degenerated cells and many terminal fields. All SRS and aggressive animals had staining cupric silver impregnation of cell bodies or terminals in layer 3; the staining of animal 128 was considered minor (Table 1) . Medial to the piriform cortex, the terminal fields of the dorsal endopiriform nucleus (DEn) showed evidence of staining in all animals (Table 1) .
Degenerated cells and terminal fields were evident in amygdalo-piriform transition area (APir), and more extensive damage to comparable to the piriform cortex was found in the posteromedial cortical amygdaloid nucleus (PMCo) in the SRS and aggressive animals (Fig. 4 and Table 1 ). Lighter terminal field damage is also present in the medial amygdaloid nucleus (MeA).
The hippocampal areas also showed staining in the SRS and aggressive animals. The staining was primarily isolated to the CA1 region with both soma and surrounding terminals highlighted Table 1 can be referred.
PERSISTENT DAMAGE OF DOMOIC ACID EPILEPTIC DISEASE (Fig. 5) . Damage to the CA3 region was limited as only one animal (128) showed consistent staining of cell bodies across multiple sections. There was also damage in the dentate gyrus of this animal, notably punctuate staining around a few soma.
Olfactory-related areas also showed positive staining. The lateral olfactory tract (LOT) presented with stain in the majority of treated animals. Adjacent areas, such as olfactory tubercle (Tu) and the bed nucleus of the lateral olfactory tract (BAOT), showed minor damage in a few animals. Minor sporadic damage was also observed in the tenia tecta (DTT and VTT). The cell bodies of the anterior olfactory cortex (AOL, AOM, and AOV) showed noticeable damage in two of the aggressive animals, and the other two aggressive animals showed damage to the terminal fields ( Fig. 6 and Table 1 ). Notably, there was no cupric silver staining evident in the anterior olfactory cortex of SRS animals.
Staining was noted in areas of the thalamus, with both the paratenial (PT) and mediodorsal (MD) thalamic nucleus showing terminal field staining. The reunions nucleus also showed distinct axon damage in all of the treated animals (Table 1) .
Reduced Density of Neurons
Upon examining the sections stained with thionine (Nissl), which highlights the cell bodies of all living neurons, no gross lesions were observed. However, examination of the piriform cortex noted a reduced cell density (Fig. 7) in the medial layer 3, an area showing prominent amino cupric staining. Analyzing these images with the ImageJ software, the area 0.3 mm from the prominent layer 2 of the piriform cortex was counted for cells (dark-stained areas) in matched sections on both left and right brain hemispheres. Although cell counts varied among the treated animals, none of those animals reached the same amount present in the control animal (Fig. 8) .
DiSCuSSion
This study treated a cohort of rats with hourly doses of domoic acid to kindle SE. Out of 14 rats, 12 kindled to SE and showed manifestations of delayed onset disease by observed SRS and/or acts of atypical aggression during the recording PERSISTENT DAMAGE OF DOMOIC ACID EPILEPTIC DISEASE periods, with the other 2 failing to progress within the 12 weeks. Half of the animals that progressed to a disease state showed incidences of SRS and 75% of the rats instigated aggressive acts. Additionally, there was a clear distribution that rats with a high incidence of SRS had low incidences of being an aggressor and those frequent aggressors had no or few occurrences of SRS. This trend was also shown by Fuquay et al. (2011) , and no correlation was determined between observed seizures and aggressive behaviors. Induction of SE with the related glutamatergic excitotoxin kainic acid has also noted aggressive behavior associated with interictal periods of SRS (Griffith et al., 1987; Stafstrom et al., 1993) . The findings in this report corroborate SRS and observable aggressive behavior does not correlate; however, it is possible that aggressive behavior may modify by the occurrence of SRS or subliminal seizure activity. Accordingly, we have used neurohistology to investigate the structural basis to progression to domoic acid epileptic disease and the underpinnings of each disease manifestation.
The animals in this study clearly reached this disease state by exhibiting characteristic SRS and/or atypical aggression. In examining the neurohistology of these animals, the cupric silver staining identified recent damage as the argyrophilic debris of damaged terminals and cell bodies is typically removed by 10 days (Switzer, 2000) . In this disease state, no evidence of cupric silver staining was found 12 weeks after SE in the olfactory bulb. In contrast, this area was identified as the most prominent olfactory target found shortly after SE (Tiedeken et al., 2013) . From this, we can hypothesize that the dendritic spines of olfactory granule cells are a primary target for domoic acid to initiate SE but not a continuing target for progression to epileptic disease.
Cupric silver positive staining in both epileptic and aggressive rats is evident in interior layers of the piriform cortex, including large cells in layers 2 and 3 and associated terminal fields. The piriform cortex is highly seizure prone and a likely origin for the development of widespread limbic seizures (Loscher and Ebert, 1996; Racine et al., 1988) . Silver staining of cells and terminals continues as the piriform cortex transitions caudally to the amygdala. The terminal fields of posteromedial cortical amygdaloid nucleus stain with the same strong intensity of the terminal fields of layer 3 of the piriform cortex. This region spanning the piriform cortex to the posteromedial cortical amygdaloid nucleus has been reported to be extensively damaged in patients with temporal lobe epilepsy (Gonçalves Pereira et al., 2005) . Likewise, the posteromedial cortical amygdala shows extensive damage in kainic acid-kindled epileptic rats and has been proposed to trigger the progression of spontaneous seizures through amygdalo-hippocampal pathways (Kemppainen and Pitkänen, 2004; Tuunanen et al., 1996) . The CA1 field and lateral entorhinal cortex of the hippocampus and several midline thalamic nuclei also show damage; however, by comparison to damage observed days after SE (Tiedeken et al., 2013) , the piriform cortex and posteromedial cortical amygdaloid nucleus show comparatively much greater continuing damage after 12 weeks, implicating their role in progression to domoic epileptic disease in the rat model.
Positive cupric silver staining 12 weeks after SE indicates that the piriform-amygdala region is experiencing continuing cellular damage. Progression of damage after induced SE has been examined effectively using MRI in conjunction with Nissl histochemistry. Kainic acid-induced SE is reported to cause neuronal damage to the hippocampus (CA1, CA3, and hilus), PERSISTENT DAMAGE OF DOMOIC ACID EPILEPTIC DISEASE the piriform cortex (layers 2 and 3), amygdalo-piriform transition area, and caudal subfield (layer 3) of entorhinal cortex at 10 days, but months later, the damage subsides in the hippocampus and persists in the other areas (Pirttilä et al., 2001) . A longer term MRI and histological study of progressive damage after SE elicited with electrical stimulation of the amygdala revealed progressive loss of the contralateral piriform cortex/amygdala that increased over the course of SRS for 110 days (Nairismägi et al., 2004) . In this study, examination of adjacent sections by Nissl stain showed substantive loss of these deep cellular layers of the piriform cortex and indicated that this band of neurons, implicated to propagate and modulate subcortical and cortical seizures, is the most susceptible to continuing damage during progression of domoic acid SE to epileptic disease.
Of all regions of cupric silver identified damage, only one was observed to be unique in the aggressive rats. Cell bodies in the medial, ventral, and lateral parts of the anterior olfactory cortex were damaged in two aggressive rats. A third aggressive rat had minor cellular and terminal damages in the ventral part and the fourth minor terminal damage in the medial part of the anterior olfactory cortex. By contrast, the three rats in the SRS group showed no evidence of silver staining in the anterior olfactory cortex. Although much more work would be required to establish a cause-effect relationship, it is interesting that vasopressin neurons of the anterior olfactory cortex have recently been proposed to modulate conspecific social recognition by olfactory modality (Wacker et al., 2010) . Social recognition in rats allows them to distinguish conspecifics (i.e., colony members) from intruders, which preempts overt aggressive behaviors (Barnett, 1958) . Aggressive behaviors such as biting and wrestling observed weeks after domoic acid-induced SE in rats (Fuquay et al., 2011) are the more common ones seen when rats are introduced to an intruder. These are not the type of defensive form of aggression seen in established colonies or cage mates (Blanchard et al., 1975) . Atypical aggressive behavior toward conspecifics is also a distinctive symptom of the neurological disease in California sea lions weeks to months after domoic acid-induced SE (Goldstein et al., 2008) . Wacker and Ludwig (2012) and Wacker et al. (2011) proposed that somatodendritic release of vasopressin (and perhaps oxytocin) in the main olfactory bulb and the anterior olfactory nucleus or piriform cortex that acts to filter out recognized social odor stimuli to facilitate short-term extra-hippocampal social recognition memory. Damage to this population of cells in the anterior olfactory cortex could cause a deficit in short-term conspecific recognition and promote bouts of aggressive behavior seen in domoic acid epileptic disease.
Both seizures and aggression play large roles in long-term domoic acid disease states. Although both SRS and acts of aggression may each originate from acute seizure activity, their development after domoic acid-induced SE may either be independent or lead to divergent downstream pathways. In this study we selected groups of rats that would best address this question and used a neurohistological approach that proved successful to define brain regions acutely damaged by domoic acid-kindled SE. The consistency throughout both groups in damaged areas, especially the deep layers of the piriform cortex, demonstrates that there is some form of persistent limbic seizure activity occurring, whereas the difference in the anterior olfactory cortex opens an opportunity to understand the neural underpinning of the aggressive aspects of the disease. This rodent model provides insight into the structural basis for the progression of domoic acid poisoning to neurological disease and the behavioral manifestations of SRS and atypical aggressive behaviors on wildlife populations like the California sea lion.
